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Abstract

Two aircraft refueling system configurations were s-nulated

using :HYTRAN, an existing transient flow analysis computer program.

Transient pressure response subsequent to downstream valve closure

was investigated for the KC-135 and a laboratory test rig and

compared to available experimental data and previous research.

Parametric studies were performed of system variables: valve closure

time, valve area versus time (closure curves), and variations in

surge attenuation components (surge boot, accumulators). A typical

closure curve for quick disconnects was approximated and verified.

The simulation results compared favorably with experimental data

and previous work. Transient pressure was found to be sensitive to

accumulator or surge boot precharge pressure while changes in

accumulator volume had little effect. Variations in accumulator

entry line diameter or length affected transient pressure and

settling time. Increased valve snubbing reduced maximum transient

pressures.
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DYNAMIC C.ARACTERISTICS CF AERIAL

REFUJELI::G SYSTF :S

I. Introduction

Problem Background

An aerial refueling system is an auxiliary pumping system installed

in a tanker aircraft which is used to transfer fuel to a receiver

aircraft. During inflight refueling operations fuel is pumped from

the tanker to the receiver through either an extensible, rigid

refueling boom or a flexible hose. Only the rigid boom method will be

considered in this study.

* -." Fuel spillage during planned or inadvertant separation of the

tanker and receiver is prevented by use of a spring loaded shut-off

valve at the boom delivery nozzle. A spring loaded valve is also

*provided at the receiver fuel receptacle.

The rapid closing of the nozzle shut-off valve during separation

can cause transient disturbances to propagate through the tanker

refueling system. Depending on the time interval of the transient,

pressure waves traveling at speeds close to that of sound waves,

about 3000 ft/sec, can easily generate energy enough to damage the

syst37.. This is the so-called "waterhammer effect". Refueling

system performance enhancements such as higher fuel flow rates and

faster closing shut-off valves for less fuel spillage, can increase

4i the potential for damage due to transient pressure surges. Therefore,

S £.- pressure surge effects are of primary interest in the design of new

systems and the upgrading of existing configurations. For the

i - . . . .. . . _ , . . .. , . .. • . . . , . . . . . .. . . . . . . ,, . ,. , , ,, ..



-syste7 str-ture to be maintained withi- aircraft weight standards

an d still withstand "worst case" pressure transi-,ts, methnods must

be enployed to attenuate excessive pressure surges.

'hen designing surge attenuation cc.pornents, reliable design
data is needed to make a reasonable estmate of pressure surge

mm-gnitude. This design data is comnonly otained from either

analytical studies, experiment, or both. -eneral fluid transient

phenomena have been researched and documented rather extensively.

'ylie and Streeter (Ref 1) provide a comprehensive study of fluid

transients and Goodson and Leonard (Ref 2) summarize the development

of models for fluid line applications. Streeter and Lai (Ref 3)

used numerical methods and the digital computer to solve waterhammer

problems; their solutions were verified by experiment with good

results. The McDonnell Douglas Corporation (Ref 4,5,6) used

computer techniques to simulate complex aircraft and spacecraft

hydraulic systems. Numerous experiments were performed to verify

various test cases.

h owever, for aircraft refueling systems, there is a limited

amount of well documented transient response experimental data.

Some of the available experimental results have been used in

Fextending the applications of existing hydraulic analysis programs
to refueling systems. Parks and Franke (Ref 7) investigated modeling

of the KC-135 tanker system. Their study focused on the transient

conditions during and after a 0.05 sec closure of the nozzle shut-off

valve. Kinzig et al. (Ref 8) studied the compatibility of the KC-135

and iC-10 tankers with a simulated receiver system. Shut-off valve

closing times of approximately C.22 and 1.0 sec were used to simulate

<.



the receiver shut-off valve closures during refueling,. The objective of

the study was to predict transient pressures in the receiver aircraft.

Both .f the refueling system simulations discussed above agreed

favorably with experimental results for the conditions simulated.

However, there is an element of uncertainty critical to all refueling

system simulations that must be resolved to achieve accurate solutions.

This element is the shut-off valve closure characteristics, i.e., valve

area versus time. Kinzig (Ref 8:10) noted that small changes in

closure curve shape could result in large differences in pressure

surge magnitude. A McDonnell Douglas Corporation (Ref 9:6-7)

laboratory test indicated nozzle valve closure times area function

of separation rate. Thus, for varying separation rates of tanker

and receiver the valve closure characteristics are likely to change.

' As a consequence, changes in separation rate will influence pressure

surge magnitude. Therefore an accurate approximation of value

closure characteristics is a critical input for refueling system

simulations.

Scope and Cbjectives

The purpose of this thesis is to investigate, by computer

simulation, the effects of variations in valve closure characteristics

and surge attenuation components on the dynamic response of an

aircraft refueling system. MYTRAN, a tNcDonnell Douglas Corporation

(Ref 4) developed fluid transient analysis computer program will be

used. Two distinct system configurations, the KC-135 and a

preliminary KC-10 laboratory test set up, hereafter referred to as

* the Laboratory Test, will be modeled and simulated with the program.

°j



The specif i:- objectives of the study are tot

a) ~tabizhan approximat-.on of the actual valve closure

* characteristics for a typical refueling nozzle.

b) Verify the ceneral util2ity of HYTflAN by comparison with- results

of Streeter and Lai.

c) Compare t'-e simulate- results of this study with experf.lental

results of t'he Laboratory Test.

di) Determine, for the Laboratory Test moel, the influence of

variations in closure curve shape, i.e., valve area versus time, and

modifications to surge attenuation components.

e) Determine, for the KC-135 model, the influence of bo~th

closure curve shape variation and closure tire.

f) Examine the effect of vary-ing the KC-135 surge boot precharge

pressure.

I2



II. Syster' Descriotion

General

Tanker aircraft are equipped. to transfer fuel to receiver

aircraft by means of an extensible, rigid boom or a flexible hose

arrangement known as the probe and drogue system. This report

considers only the rigid boom method. The refueling boom is

basically a telescoping tube attached to the underside of the fuselage

that is maneuvered into contact with a receiver aircraft. A nozzle at

the end cf the boom fits into a refueling receptacle on the receiver

aircraft to provide a continuous flow path between the two aircraft.

A spring-loaded poppet valve forns the sea! in the end of the nozzle

when the nozzle is not in contact with the receiver receptacle. The

w'poppet valve is automatically opened during insertion of the nozzle

into the receptacle by an actuator in the receptacle.

The primary surge attenuation component is the surge boot. A

surge boot is an expandable, gas charged envelope that surrounds a

perforated section of the boom, nor.ally the aft portion. The basic

parts of the surge boot are shown in Fig 11 the inner surface of the

envelope seals the perforations in the boom until the fluid pressure

in the boon exceeds the precharge on the gas. As the precharre is

exceeded, fuel under prassure fcrces the envelope inner surface away

from the cuter suiTace of the boom. Therefore, fuel outflow through

the perforations and into the cavity compresses the gas in the surge

boot and provides energy dissipation during pressure surges.

During a normal disconnect of tanker and receiver a signal will

be automatically sent through the sYstem that shuts off the refueling

S* ..
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Fig 1. Surge Boot Details

pumps, opens a bypass valve, and initiates boom retraction. The

opening of the bypass valve allows fuel to flow back to the tanker

fuel tank so there is no sudden flow stoppage during disconnect and

retrsction. Any surge produced under these conditions will be mild and

easily absorbed by the surge boot. Normal disconnects pose little or

no threat to the system.

The abnormal disconnect conditions that cause concern are the

brea'away situations due to turbulence, emergency actions, or a

failure of the automatic process. In these cases it is likely that

there will be a flowing disconnect whereupon the pumps continue to run

against the closed shut-off valve in the nozzle with no retraction of

the boom or bypass of the flow.

Failure of the pumps to shut-off increases the pressure in the

line to deadhead pump pressure (in some cases 90 psia or more) in

addition to any surge pressure induced by the nozzle shut-off valve

-



closure (Ref 11:4,16). Since no bypass cf fuel occurs there is a

stoppage of the full flow through the boon at the ti:2 e of disccnnect.

_igh separation rates of the tanker and receiver, up to the normal

r% imun of 6.5 ft/sec (Ref 9:7), are usually associated with abnormal

disconnects.

KC-!35 System (Ref 11,2)

A simplified diagram of the KC-135 refueling system is shown in

Fig 2. The KC-135 refueling system is a four pump (constant rpm,

each rated at 300 gom @ 80 psig) system with two refueling pumps in

the forward body tank and two in the aft body tank. Reverse flow is
prevented to each Dump by individual check valves. Fuel flows from

all four pumps are united in a main trunk line; fuel then flows

through a shut-off valve, pressure regulator, and venturi. Finally

the fuel flows through the boom which contains a surge boot with a

nominal precharge of 50 psig. The pinessure regulator is set to

maintain the steady state pressure at the nozzle to 50 - 5 psig.

A secondary method of pressure surge protection is provided by two

:. level control valves located in the lines leading from the refueling

manifold to the forward and aft body tanks. The valves' cracking

pressure of 85-115 psi allows fuel to flow to the body tanks during

pressure surges (Ref 10:3).

Laboratory Test

The McDonnell Douglas Corporation performed an experimental

investigation (Ref 9) to study surge pressures developed by the

closure of shut-off valves during tanker/receiver disconnects. These

' /, . , . -'. .,. . ./ . . -. _.. -.- .. , , -., ,,/ : " " . . _ • -, ,.. , - - . ' . :i o --7
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* Fig 2. Simnplified Diagram~ of KC-115 Refueling System
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• . tests -ere nerformed as part of the Advanced Aer-.al Refueling Boom/

Ad,.anced Aerial Refuelin,. Nozzle develc-:.nent or;-ra . c- ' teh

KC-IO development,

The experimental setup shcwn in Fig 3 consisted of an aluminum

tube assembly simulating the actual refueling boom, four discrete

accumulators to simulate the surge boot, and a laboratory pumping

system that supplied fuel to the rig. A _refueling nozzle was mounted

at the end of the aluminum tube and a refueling receptacle was

attached to a carriage that was free to slide between two tracks.

The receptacle separation was driven by means of a hydraulic and bungee

system.

The test procedure was to establish a predetermined flow rate,

set the load on the receptacle for the anticipated separation rate,

and activate the disconnect system. Data recorded included flow rate,

boom inlet and nozzle pressure, separation rat-, arid nozzle valve

p poppet travel. The test conditions are discussed in ChLater IV with

the computer simulation model description.

* -. . . . . . . . . . . .
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I. Computer 1rra. .ipon

General

YTRA"L, the hydraulic transient anai-yss computer prorram used in

this study, was developed by the K'cDonnell Douglas Corporation under

an Aero Prcpulsion Laboratory c:ntract (Ref 4). The contract included
not only proCranm developnent but also extensive !idation and

documentation, The program uses a building block approach to

facilitate simulation of complete systems. After the configuration is

established according to HYTiA" format, the program calculates the

values of flows, pressures, and component variables throughout the

system.

The basic theory of HYTRAN is that a change in flow (momentum)

* " results in a change in pressure. Flow is brought to rest at the

expense of an increase in pressure. By coupling the continuity and

momentum equations with component equations, pressure and flow as a

function of time and line distance can be determined. The

mathematical solution technique used by the program is the method of

characteristics. The major assumptions upon which the program is

based are:

a) Fluid temperature is held constant during the entire run.

6 b) Flow is one dimensional, that is, the fluid properties are

constant across any transverse cross section of pipe.

c) Pipes have circular cross sections and friction factors

based on smooth, drawn tubing.

'I d) Stresses in pipes .re always below the elastic limit.

-,



"1 gecmetr',, is such that the "s- .e s i

PI~ ? e cz.rYilui are pcrf' c'ly ~:~i il~~r-

dissipation is due to shearing stresses ::.e

Each comDonent subroutine has its own set of-.s-,:. since eacI

model is broken down into its most basic ... t+ -f: :'.oion and fIc';.

The controllinr in t to the sste- .. a .notion,

w..ich causes a distur',ce to prog-Fate teat or near

the speed of sound. The components of the syste ea:h have a

response to the pressure and flow changes.

HYTPA- is composed of four basic parts: input, steady state

calculations, transient calculations, and output. A simplified

flowchart is shown in Fig 4.

Included in the input data are line and component parameters,

W -the system configuration, i.e., how the lines and components are

connected, initial conditions, fluid properties, and various

directive parameters such as time steps, ran time, plotting

intervals, etc.

The steady state section of the program balances the pressures

* and flows in the system and calculates the initial values for all

the system vari&'l.es. Once the initial alues are e ls.ed at

zero tine, the prograr. starts by calculating, for a Emall change in

time (&T), new flows, pressures, an. values for the zuoonent

variables such as valve position, acc!ar fluid volu-.es, etc.

The program continues forward in&: ti-e intervsls, first

calculating the line and then the component -variables u;.til the

desired simulation tii.;e period is covered.

The cutput is time histories of selec.ei syster variables which

i 12
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have .. er ~.-;r y~ contro-di-t, in'Ut A typical outpu ~o

'b~1 e a 7nressu_-re verzuzc time c--_r.' for Le-fore, Irin-, and .after

a val%- clo-ure.

de-J.e.2I riscri-otion of ro:-a stru:%,c .ure, esdof2ltn

and cor1Po:-en mo els is provridcd in Re-f 4. The -zrogr-I: . equirez

anpro:c~z Y -, r core meorv. arnd a rum +':.,e -e-,.een ? and ?C'c.

Fuel System Usage

Althcucr' HI-YTzA: was developed for use wihhydraulic Systems,te

basic assumptios and solution techniques are common to aost li

systems. The main alterations req~uired for use with fuel systems

was to change the fluid properties from hydraulic fluid to fuel.

-Zte 7"dln

The first step in developing a HYTRA'41 model is to construct the

Syst'e7% scne-natic in WA format. This in-volves the assignm-ent of

line, component, node, and leg numbers throu-rhout the system as well

as determining which component models will be selected to simulate

each individual component. References 13 and 14 explain in detail how

to translate a system Into :TP: format.

The spec-ific *-;RAT component models used for the simulation

momes dscusedin hapter ?Vand V are discussed brielyin-m

fLolow.,-ing. paragraprs. Detailed descriptions of each compnom-(nt nodel

can be found in Ref ~4 and 15.

Fuel tanks and flow sources were simulated with K.YTRA.% TYF6

constant pressure reservoirs. The reservoir is a-ssumned to have an

infinitely large Enas volume so that pressure remains unchanged.



Lines wore joined at branches and ~~o: z ~~T9i

rarnches. The bi-anc-es do not incoroor~te_ any io:zses a nc c, a t d wIt

changes in diam~eter and 'low direction r :visioris, i.e., -he,, are

fr-ctionless branches.

Fixed orifice s were modeled us in g 4~J TY 1 rtrictrs.

The- 7model a nsflow in ei-ther directior. h di-zcharrecoeficen

is t*-e same for flow in each direction an,: constant over th:e eni-_fo

regimne.

The :YRNTYPE 31 check valve model was used to simulate cc.

anid relief valves. The check valve is "odeled as an orifice of

variable area. The area at any given time is determined by the

pcsition of' the force-balanced poppet. Reverse flow can take DlFace

until the valve closes.

-Control valves were simulated usi:. ':'_7P.AN TYM 21 two-way

valves.*Th valve is modeled as an or"' ce of variable area and a

-cntn icarp-e coefficient over the entire_ flcw.- r,.e A t-ine

history of valve closure is inrut in the~ ~-fom. of an effective valve

area versus time table. The effective valve is defined as the

valve area at a particular time multiplle4 b the discharge

coef-ficient, In this study, v.-ve aa es. time plots are

presentee. in the nondi'mens4onaI frn c' v'ePosition versus

)rorcen'%: of closure time. I~ne valve -i ',gven in pLercentL orsn,

4 is the valve area with respect to the -- flow valve ar-ea. Li::e-vie,

the )-rcent of closure ti- e valu.es axr, -_ e time values for each

va- lve Position with resoect to tlie total clocure tinle, - herefore,

the effective area iw: .th respect to tir- :r procra,- input Is otie

by multiplyinC, the C"ull flow area "by valv= positinn andi 2ischarre
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- coefficient shown --Iow

A (t) -- ,. A (.)

v 'd V.)

where

Av(t) = effecti.'e valve area .7ith respect to tine

K(t) = valve position with respect to time

C = discharge coefficient

A = full flow valve area

Accumulators were simulated with HYTPA'- TYPE, 71 accumulator models.

Each unit is modeled as a simple gas charged piston type accumulator

with the frictional and inertial effects neglected. The model assumes

a nonvayin gas constant and no heat transfer between the gas and the

accumulator walls.

'1

.,.



- Laboratory Test Computer i*odel

p . The Laboratory Test configuration in Fig 3 was modeled using the

HYTRAN components discussed in Chapter III. A schematic of the test

configuration in HYTRAN, input fornat is shown in Fig 5.

Input data for all lines except those entering the accumulators

were obtained from the Laboratory Test report (-Ref ) The outside

diameter of the accumulator entry lines was not available and was

estimated from measurements of test rig photographs. An assumed

inside diameter was based on the thickness of other tubing used in

the experiment.

Fluid properties were altered from hydraulic fluid to those of

JP-5 at 60 F. The properties used were:

Viscosity = 0.042 x 102 in 2 /sec

Density = 0.720 x 10 - 4 lb-sec2/in

Bulk Modulus = 0.189 x 106 lb./in 2

Vapor Pressure = 0.5 psia

Time steps (AT) of 0.0005, 0.0004, and 0.0C0333 sec were used over a

simulation interval of 0.4 sec. This interval was chosen to match the

time !period over which the experimental data were recorded. The

various time steps were used, when required, to insure a whole number

of time steps over all segments of each of the effective valve area

versus time input tables,

The nozzle was modeled using a TYPE 21 two-way valve. The valve

closure was input as an effective valve area versus time as discussed

1'7
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in 0Capter III. 7his method simplified modifcations and t-.e u-:,:-e

. ..... o s; cio.- :r es.

: .- he full _low area times discharge coefficient was calculated

-from a flow versus pressure difference across the nozzle cur,-ie -

the actual nozzle (Ref 16:44). A flow rate of 2018 in'/'sec was used

in the Lzboratory Test. This flowrate corresponds to A? = 5.1 --i

Irom the curve for the nozzle. Using the orifice equation,

vo d (2)

.2a steady state value of A Cd = 5.35 in was computed.,,:;vo d

The steady state flow was exhausted into a TYPE 61 constant

pressure reservoir to simulate the fuel return system used in the

test. .he constant pressure was set at 47.5 psia. This pressure

was computed by subtracting the AP of the nozzle from the measured

steady state flowing pressure of 52.6 psia just upstream off the

nozzle (Node 11). This back pressure was consistent with the

"/* conditions used to generate the flow curve for the nozzle.

:Y E .71 gas charged accumulators were used to simulate the

test accumulators. Volume and precharge pressure was the only

defini-_ve data available for the accumulators; therefore, some

assuniotIcns were required to complete the models. Entry lines were

scaled from photographs to be 6 in long with an outside diameter of

2 in. A wall thickness of 0.125 in was assumed. The volume of each

accumulator was given as 5 gal (1155 in); a usable volume of

1000 in- was used in the simulation to account for the unknown

" .9
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Internal cc:i iration. Assuming that the ;as would bo co..ressef-

to a maximum of ten percent of its ori.inal volume resulted in a

naximum fuel volume for each accumulator of 900 in3 . The total

fuel volume for the four accumulators totaled 3600 in3 , consistent

with the actual volune of 3565 in3 (Ref 17) for the KC-0.

.,o data other than photographs was available for the Laboratory

p=pin- system. Since the system provided a constant steady state

flow and pressure, a TYPE 61 constant pressure reservoir was used to

model the pump as a constant pressure source. The pressure of the

reservoir was adjusted to provide the test condition steady state

flow.

A complete listing of input parameters for the Laboratory Test

model is given in Appendix A.

.
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The :rC-!?5 system was modeled us n ta'- ec:.nc-.e of :ar.:s

(Ref 10) -.n the ::Y:: component odels i..n Chapter I-.

The use of a si.-.i1ar model and test ccon _zcrs provideg a cross-check

and extension of the pre- ous res.lt -:. .Par ';: use an
earlier ....... of ":?A ".-r require. of-et .. some A onfu

parameters, the 'tasic model configuraticn was-;nchar.ed. A schematic

of the system in ":.Y:?A: fornat Is shown 1-in -ires 6 -nd 7.

Fluid properties were altered fr, hydrauic fluid to JP-4

at 60 F. The properties used .ere:

Viscosity = 0.136 x 10-2 in2/sec

Density = 0.7? x 10 nlbsec2/i4
f

Bulk Modulus = 0.16 x 10-  lbf/in2

Vapor Pressure = 2.0 psia-

Time steps (&T) of 0.0005, 0.0004, and 0.0'30333 sec were used

over a simulation interval of 1.0 sec. This interval was

selected to match Parks' simulation time in-:er-al (Ref 10:23).
The various time steps were used, when required, to insure a whole

number of time steps over all seaments ra t le valve closure input

* tables.

Parks simulated the KC-235 system "";three pus on and one

pump off (Ref 10:23); this study used the sa-e ccnfigurzation to

facilitate con~:rscns with Parks. -ach - as mnc-eled as a TYPE

61 reocrvcir at a ccnstant pressure of -2 Pun ; check valves

* "1

. . . . . ..°
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" were slmula'd as T'FE1 chec'.alves .

The line valve and regulator were modeled as TY.- = 41 restrictors;

the level control valves as'TY" 31 checkvalves and the fuel tanks as

TYPE 61 reservoirs, respectively. The surge boot was modeled as

twelve discrete accumulators; the total volume of the twelve units was

1300 in Each was modeled as an individual T7E. 71 accumulator with

a minimum Cas volume equal to ten percent of t':._ initial gas volume.

A TYPE 21 control valve was used to simulate the boom nozzle.

The valve closure was input as an effective valve area versus time as

discussed in Chapter III.

All dimensions, where applicable, were obtained from the Parks

model (Ref 10:70-77).

The steady state flow was exhausted into a TYPE 61 reservoir to

simulate the fuel return system. The reservoir pressure was set to

i43 psig (Ref 10:36).

A complete listing of input parameters can be found in

Appendix B.

22i



Vi. Discuszio. cf Valve Closure

General (Ref 1:69)

As discussod in Chapter 1, a .. zzle valve closure causes a

pressure surte to propagate thru ;h a refuelinz syste-. The direct

relationZhip of pressure surre -nitude tc valve clcsure can 'e

illustrated by considering the d-celera-ion of an in........ abl

fluid flowing frictionlessly in a rigid pipe of uniforn area A with

velocity V. The pipe has a length L, an inlet reu , and

a poressure P2 at L. Assume, at length L, there is a valve wh-' ca

reduce the velocity at L to V -,V. The mass rate of flow for a

pressure wave traveling at sonic velocity c, is . = yAc. From the

impulse-momentum equation, for this application

(eAc) (V - - V) = PA - PIA

or the increase in pressure is given by

• . AP --- c AV 3

thus a change in velocity is di-ctly proport"onal to a change In

pressure. The tine for a pressu-e wave to travel the length of

pin L and return is t = 2L/c. -f the t-e of closure T is less

than or equal to t, the approxi-.ate pressure rise is given by

c

.'. Ap . L -. ,



thus a deci-7 Ze in closure time will cause an increa-se in pressure

":" rise.

Since the reduction in'flow velocity is determined by the

valve closure, it is apparent that the closure curve is a critical

input to the simulation of aircr-ft refueling system response

subsequent to nozzle valve closures.

Valve Closures from Previous Research

Parks (Ref 10:19-20) used a valve closure relationship,

hereafter referred to as curve "A", described by Eq (1) where

~3

I (t) - - j- (5)
". Tc

The closure curve corrsponing to this relationship is shown in

Fig 8 and is characterized by a rapid reduction of the valve

opening initially, followed by an almost asyntotic reduction to full

closure, This slower area reduction during the final stage of the

closure curve is referred to as "valve snubbing". Parks justified

his usage of the curve on the basis of a comparison to experimenta'

data.

Typical curves used by Kinzig (Ref 8:25) in his study of receiver

pressure surges are shown in Fig 9.

For use in this study, the curves were reduced to an analytical

expression of the following form:

J

.- ",-" -. ".t~ -- " - " - " ' -" - '- . -" - -....- . ., - C'.
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a 1.44a =2.60

b = l.00C '= 2.00

n = 130 n=l1.25

'Ecth curves represent a relatively gentle closure characteristic

of receiver shut-off valves.
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,-" -',' lozul:- '.-.'Lve 2lcsure

-and ..... of the valve mech anisn were +0: -o l,t -..

actual clos.-re curve .," a refue -- nozzle. :.h curve, 1-

non -' nzfic-nl -o.--::, is ehov., in -'iC IO, :n fully o'oe., the v _

c~oc1 -t an i-~a~h atLe c~it A-,acelera tes t~ onstan.t cl..are

! te. The closure rate decreases during the final stage of area

rediction, approximately the last ten percent. This snubbed closure

is expected since the valve poppet incorporates a damper that is

designed to slow the closure during the last stage of poppet travel.

Nozzle Receptacle Combination

While the previous curves, Figs 8 and 9, may be typicl. for normal

disconnects, abnormal disconnects at high separation rates are likely

to result in more severe closures. 3efore establishing the e"-ecct of

high separtion :-tes on the valve closure curve, the interaction of

the co7bined nozzle and receptacle configxati on was examined.

Thown in Fig 11 are (a) the receptacle sleeve valve, (b) the

nozzle valve, (c) the nozzle and receptacle in connected position.

--he s-pring-loded nozzle poppet valve is orened nechanically on

ccnt-c with the fixed pedestal in the receiver aircraft receptacle

in con 'unction with t-he -- enin cf the 'li.- sleeve valve in the

reccriacle by thc nozzle tip.

During quick disconnects, the damper in the poppet can slow the

poppet closure such th at the poppet and pedestal do not remain in

contact during separation of the nozzle and receptacle. !hre fore,

nozzle valv closure is independent of ' . .Converely

, ' 9, '- .- ',-- ..--. ".---- - -"." " .
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FiglO* 10. czzle Closure Curve Coiatuted f'r o rm th e
Laboratory :7est I'easurazur.s

* since the receptacle sleeve valve is spring-loaded and undamped, its

closure rate is determined by the rate of separation. A typical closure

curve for the receptacle sleeve valehratreerdtoacuv

"Y', is sh-.wn in Fig 12. The closure - accelerates tc a constant ra,,te

with no appreciable snubbina.

To reach the fully closed posit ion, the required travel for the

receptacle sleeve valve is 1.0 in (Ref 9:7) and for the nozzle valve

poppet a mininum of 1.15 in is req'Ared to reach the closed position

(Ref 16:50). Therefore , when the nozzle and receptacle have separated



One inch of tra.'el recquired to
close Sleeve Valve

Sleeve Valve in
open position

Pedestal

.. g- Sleeve Valve in
closed position

(a) Receptacle Sleeve Valve

1.15 in

Poppt Valve in

closed position
- Spr5-n&-loaded

Poppet -

- / Poppet Valve in
~ open position

(b) Nozzle Valve

Fuel Flow i- -

Nozzle Valve depressed
by Pedestal.

(a) Nozzle and Receptacle in Connected Position

Fig 11. Nozzle R eceptacle Details
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Fig 12. Receptacle Closure Curve

1.0 in, Fig 13, the receptacle sleeve valve is closea.. At the 1.0

in separation point the nozzle valve has 3re-aches. ax a-iu- c

approximately 9C; of full closure if the poppet ani:A esa have

remained in contact, less if the poppet travel 1a~'s the rslative

4separaticn of the two con~ponents . The pe netiraticn of th rczzle

ino he receptacle is sufficient for the t.wo conto-e-ts t.o be

essentially sealed to~ether at this position of se-aratin.T

actual closuis for quick disconnects is dete--i-ned by t-he receptacle

* .sleeve valve and can initiate a surpe that proparates into the tanker

--



Poppet Valve \' , N

has not closed

Fig 13. Nozzle and Receptacle at the One Inch
Separation Point

system even though the nozzle valve is stfill op en. 7"4S sup~osition

is sutported by pressure measurements cbtairned during the Laboratory

Test (Ref 9:10) which indicate peak prezs-.re occurs -oin~cAden~t wi-th

the 1.0 in separation point for sepa'a2on =-a:tes of 5 - iC fsc

Actual Valve- Closure Anproximation

With a relationship between4 separaticn rate and valve closure

established, a reasonable approximation to -.-e nininum effective

closure time can be established. The ntaxlnium disconnect speed. Is

6.5 ft/sec (Ref 9:7). Assuming Instant Ins~ aco ele=r tion to this



rate, t tI~ required for the nozzle and tre receplacle to senarate

one inch i!s 0.01" sec.* The se,7,tii n1-tes ur du-rir.E the--

* Laboratory Test (Ref 9:10) in~dicate a minimun time for one inch

separation of a-o-,roxirmately 0.02 sec at a se-Daration rate of 6 ft/sec.

Based on the previous discussion in this chapter the closure

curve for qu-,Ick disccnrects is t'heorizedQ to be'asically the

receztarcle closure curve as inc r."1.- 12 creD'). :4pcall- the

closure rate would increase to a constant rate with no snubbing. The

overall effect of the combined nozzle/receptacle closure is to

eliminate the snubbing portion of the closure action of the

receptacle.



" - VII. Results and Dzc.zio,

..:Y TAI Verification

basic waterhamer problem with known results was solved using

S .,YTRA.',. Streeter and Lai (Ref 3) cbtained an analytcal solution for

the confi.ruration shown in Fig 14 and veri .. ed it by experinent.

After etabclis:ing a steady state flowr_:.e "-. -e 1i-., t le as

closed according to Eq (i) where

The HYTRAN format configuration is shown in Fig 15, A closure time

of 0.09 sec and a steady state flowrate of 5 ins/sec was used. The

working fluid was water at 60 F.

Comparison of HYTRA,; and Streeter results (Fig 16), indicate

excellent agreement in phasing, curve shape, and magnitude of the

first peak. Subsequent peaks of the HYTRA: solution exhibit more

attenuation than the Streeter solution due to the inclusion of

dynamic friction effects in .YTRA.N that Streeter neglected.

Laboratory Test Simulation

r Comparison with Exnerimental Results. :he steady state

conditions prior to the separation of nozzle and receptacle, i.e.,

valve closure, were as described in Chapter :V, The accumulator

.- precharge was set at 90 psia (Ref 9:10, 24). The valve was closed
I..



Water ~ .-. Constari.'6 Pressure Reser'uoir 1.X10pi

Copper Tubing7

@0.500 in.OD (
60OF~ 0.3 i

0 .4 3 8 i n .I Da t m - 1 4 .7 p s i a

_qQuick Acting
Solenoid

240 in. Valve

P -167 psia

Fig 14, Streeteros Experimental Configura~tion

N Node Number

C Component Number

L Line Number

0 TYPE 61 Constant Pressure Reservoir

~ TYPE 21 Control Valve w/ 2 nodes

Fig 15. HYTRAN Diagram for Streeter's Exper.ment
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according to E (I) with K(t) from curve D cf CKjpter 7, Fig 12.

Closure Mole .as .3 ;ec. An osclilogr-pn -ra- e of -.u :.ta!

r.sonso for the conditions of the simulaticn was ofro:- the

test renort (Ref 9:24).

Preliminary results exhibited reflected - aks nct :Klu in the

exoerimental data that inlicated. tc laboratcr- :umpn:z dster dia
not reflect pe~ssure waves precisxely as a cc-:stant presz':re reservoir.

As a result, the laboL-atory pumping system was -.odeled as a constant

pressure reservoir connected to a long line, the length of which

prevented the return of the reflected wave during the time interval

of interest (0.0 to 0.4 sec). The line fror source to test section

(Li) was lengthened to accomplish this modification of the model.

- The Dressure of the constant nressure source was adjusted to provide

the desired steady state flow conditions.

Comparison of exDerimental and simultei. transent response to

the valve closure is shown in Fig 17. The first 2eak in both cases

corresponds to the complete closure of the valve. Excellent agreement

is seen in comparison of the five percent settling times. The

settling time is the time required for the re sponse to decrease to a

s -!c if ied percentage of its final value. The initial and final

values are virtually the same for both.

Comparison of peak mag.ltudes and phasing are less favorable.

The computer simulation underpredicts the na. .Itue of the first peak

and cverperdicts the subsequent peaks. There are twice as many peaks

in the experimental results as in the simulation; a result, perhaps,

of the accumulator model limitations.
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Fur7 17. Comparision of Experimental and. 3Sinulated Transient
Response at Nozzle to Valve Clks:re 'or the
Laboratory Test Iodel

Accumulator Volume and Precharre. Four accumulator volume

confi.7uratiAons w.ith -four different prechar, -e s't.er confiGuration

were investicated. Al simulation conditoL - with t'e excent)ion of

accumlator parameters were outlined in the 7r-ous Zection. Shown

in Figs lc-21 ame the maximum transient nres:31res ver-3; -precharEge

R-' o ,- - forth

pressures for each volume confieuration. fser to

relative locations of the boom inlet and noz lte.

". Response -tNozl to Vav ls-r oth
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V o me changes Iad a negligible effect :n t .t

.:Vo u- . . -thez:i- transient

prez3ure at eith-,r the nozzt!; or boo:- i:.let. A , cnie the

second peak pressures at low precharge as the volumes are decreased is

due to the accumulators reaching their fluid capacity' limits. The

dominant influence was pzechz.rCe pressure, ..... zircharge

pressure resulted in higher peak pressures at both nczzle and boom
in .let. :;cte that the -irst oeak is unaffected by chanes in

either volume or precharge. This is due to the accumulator time

response lag. The initial impulse is not attenuated as readily as

surges that build up over a longer period of time since a finite

period of time is required for flow into the accumulators to begin.

Accumulator Entry Line Diameter. Simulations with accumulator

entry line diameters from 1.25 to 2.75 in were run to observe the

general effects of diameter variation. Also, since the actual

accumulator entry line diameters for the La'lratory Test were not known,

a verification of the choice of 1.75 in was iesired. All simulation

conditions except for entry line diameter were as outlined in the

previous section. The basis for comparison was the maximum transient

pressure, five percent settling ti-ne, and the number of peaks to

settling time.

Changes in diameter did not affect the p::_num nressure at the

boom nozzle. As in the previous section, th'Is is attributed to the

accumulator response time. The maximum pressure at the boom inlet is

affected because during the time required for the pres!ure wave to

reach the boom inlet, flow into the accumulators has begun. The

increase in pressure magnitude at the boon inlet for a decrease in

the diameter is shown in Fig 22. This increase is expicted due to the
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addiltionJL rc-sista;-ce to frlow in smaller -Ls, thus ne 7atiri som, a

the canna--ility ofr tho =.zumulator to functi:n Ps 2-. ene-ya':Lx

K. component.

Settling t.ire and number of- nea!'s to s-ettlin~. time were

favorably affected bI.y decreasing, the line --3imeter, Fig 23- and 22..

Settin time w,.as relu1 by 20 to 50 ne-rcer. o hernea

-imees. 'lie number of ne s ron irnitiation to set'li'"r- ; was

reduced 50 to ?0 percent. In this case the increase in flow

restriction to the accumulator resulted ir. increased da7mpIng and less

pulsation added to the system due to the release of energy st-ored in

the accunulators.

Two runs were made with longer than standard (14 in longer)

accumulator entry lines. The results for the longer lines exhibited

the same resoonse trends as decreasing the diameter, see Fig 23.

xanination of settling tines at the nozzle supports the

choice of the 775 in entry line for the Laboratory Test simulati.

The settling time of annroximately 0.02 sec agrees with the measured

response (Mi 17).

.Clociire Curve St,,dy

Laboratory Test lodel. Simulations were ran using each of six

closure curves, shown in Fig 25, to examine the effects of curve

shape. Steady state conditions were as described in Chapter IV

with an accumulator precharge of 90 psia. Valve closure was

according to Eq (1) with K(t) aiven by the closure curves. Time of

closure was 0.03 sec.
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TAKLE I

-7ect of Curve Type on Transien'.
Settling Tine for the Lao- o. et :eo+

:~~*.;axirm:. -rnsien.r. sr (sa

Curve 'Nozzle .oom ie: 3ettlir:i:.e (sec)

Linear 31C !7 .2L3
D 10 .24'
" 340190 .232
F 140 206 .247
G 340 220 .247

260 122.242

Results for the six curves are shown in Talle I, Curves D, E, F,

and C, produced similar results, not unexpected since the general

curve shape is the same for all four (Refer to Fig 25). M aximum
transient pressure at the nozzle and boom inlet for those four curves

are the same except for cure Z. Curve E has a less severe closure

which results in a slightly lower pressure at the boom inlet;
%,-I-settling time is also shorter, again a reflection of the less severe

closure,

The linear closure resulted in a reduction of maximum transient

pressure at both the nozzle and boom inlet; settling time was

somewhat less than curves D, F, and G but gre- -, tr thsn curve The

reduction in pressure was due to the constant rate of closure without

changes in slope.

Curve H yielded the lo.est naximu.m transient pressure of the
group. Settling time was of the same order as the linear case. The



- reduction i-- :ressure peaks was due to t:.e "n"-:inrg" effect -during

the final .tarc of clcsare. '-is effec -. c-.ined further in the

next section.

In Chapter VI curve D was selected aF t-e representative curve

shase for a quick disconnect; the resu!-z of this section indicate a

sirilar response to curves D, E, F, and 3; theref ore, a general

analytical relationship applicable to all an ee, a quick

disconnect can be given as
be-

K(t (8

where m <1

* . For the quick disconnect case, the linear and snubbed curves

are not a-plicable because of the lower maxi-un pressures generated.

Valve Snubbing Effects. Valve snu'bing was discussed in

Chapter VI and is defined for this study as -he reduction in the

rate of valve area decrease during the final ten percent of valve

area reduction. The effect of valve snubbing- was investigated by

running the Laboratory Test simulation with snubbed and unsnubbed

curves. Time of closure and steady state ccnditions were the same

as the previous runs. The valve closure.,s given by Zq (i) and

K(t) from the modified closure curve H as shzwn Fig 2S6a. F our

closures were evaluated; an unsnubbed curve, ani three with snubbing

of 3-7 , 7.5-, and lI%, respectively. .he ,.5I snubbed curve is the

basic curve H. The effect of the increase: percentages of snubbing

. is shown in Fig 26b. Increasing the snubbing percentage decreases

51
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the -avimu %;ransient pressure.

j.-!."odel. The e-fect ol cios= , a -n t17e Of

closure on the KC-135 s,,stem described in.',pter "" :ts exaMinei by

. varying the time of closure for several c rs . T... .e valve closure -s

_iven by En ( w) with 1: t from closure c A, , :, :, ', G, -., .a

the linear curve. Time cf closure was " _ c.. C.31 nd zr -

to encompass the minimum closure time d-'s"--e 1- Chaster VI an' the

minimum used by Parks (Ref 10:53) The sbre boe precharge was

50 psig and all other conditions were as A-orb-d Chapter V.

The magnitude of the first peak at the nozzle was chosen as the

basis for comparison of the results; the :-eak: numbering is illustrated

in Fig 27. The response of the system su&seuent to the first peak

; . was basically unaffected by changes in clcsure time curve shape.

',ormally the most important peak for deszin purposes is the first peak

after valve closure, unless subsequent pe-:ar c _ reater marnitui.e.

The latter case is possible in complex systens like the KC-135 where

different concentrations of reflected pressure waves coalesce to

for, peaks greater than previous peaks, .. t :sie..t response in

Fig 21; closure curve A, T = 0.05 sec; is an e:xap:le of such a case.

Shown in Fig 28 is the pressure of the first t-ca' at the nozzle

versus closure time for each curve.

For all curves ther-_ 1z an increas&n- 7._ -2-- _ With decreasi-7

closure time relationship. Curves 1", F, ani 3 are least affected b-

changes in closure time. These curves ha.e closure rates that are hih

during the latter stages of closure thus -.s-. of the closure takes

place over a short percentage of any c.osue-'= tI. 7- e slope of the

curve does not reverse, i.e., go from posi-'ve tc negative or vice ".-rsa,
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I st

100-

0.0 0.2 0.4& 0.6

Time (sec)

FiZ 2''. l'u-mberirng of Transient Pressure reaks for a Typical
Resnonse to Valve Closure for the RC-135 7!KcdJel using
curve A and T c= 0.05 sec.

over the closure interval.

Curves B, 0, and H- have sinilar respcnses to decreasing closure

tire.* All of tIhcse curves appear to be ver deencdent or. chane to

closure tmes. cally below 0.03 seccn s. The extire eff'ects o-

closure t inre variation is shown by the apprcxi~ately 2OC7' increase I'n

prze zs ure -Acr a reduction in closure tire from .0 to 0.01 sec.

* The linear curve exhibits a relationshin o-f' in~r ~crease

versus closure time that is similar to curves ':, B, and 00 except that

* the I.ncrease is not quite so dra~matic. Thsis a consequen~ce of the

constant slope with ro snubbing.
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'sir~ urve. A r-asults ir. a niodest ch-ain-c ove r t~cran 7e of

sn-ubbel~rd a.nd ba no reversal of slo_ m. :,ote nehat r e-r cu rve A nor

cu:o VC 7, an., c ave sla:)e re'-ersals; theP eff-ect rof chanc s LIn

clos-ure t-ne is sL-.ilar far all. Telo,;e-r Values of- cur:ve- A are

to effects.

V _ --- Y"-135, the effect cf reducr.T closure tl-O ir5

to shift th!-e dominant prssure peak from the third De-ak. to the firs"

pcak. for l curves except E7, F, and G. Fi2rst peak pressure for all

cases ncreaes wih reduction in closure tine.

The consistency of the third peak value can be attribut-ed to the

s7te of~rton, since for cormplex systems the compression wave

initiated b-y the valve closure does not bring the f'low to rest -as it

mi;:ht in simvole systems; therefore the ti q~e required for flow stoPpa:7e

is chaxacter-istic -c' the system. As shown by DI (3), a pressure P.Rak

will occur at the point of complete flow stoppage and depoendent on th;e

system, it is likely to maintain a consistent magnitue wihL. rg~

to closure tlIe. For the KC-135 mnodel, conmplete flow zst1oppare occurs

coincident wIth the timing of the third Deal,. This i-s illustrated in

Fiq 29 for a typi4cal response upstisam of the nozzle.

Pavrks (Ref 10:53-55) investi~ated nressure versus closure time for

the interva:l 0.05 ani 0.15' sec and found little ch.%nce. -or the

cloosure u~iby -Park7s; curve A, T0 = 0.0 sec; the rezults prevIously,

c~scss~ ndca~that the third -ekwudepeoinant and

consistently the samne mafnlttud3e. Therefore, the results Parks

obtsined are- consistent with the results of this study.
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Variation of i"C-I35 Surre Boot Precar -..

The etct or surge boot precirer-  . by "aici-g

the prech%_e frol% 50 to 100 psir. A !i--r closure curve was used

with closure times of 0.03 P.nd 0.05 sec. All other conditions were

as described in Section V.

Results, shown in Fig 30, Indicate an increaze in pressure for

the first teak and a reduction in nres -- f ':r the third pea. over

the range of increasing precharge pressure. Nozzle pressure versus

Drecharge pressure curve slopes for the -ffrst peak are similar for

both closure times with a higher transient :ressure for the 0.03 sec

closure. The third peak has the same res~orse for both closure times.

Parks' study (Ref 10:53) indicated a decreasing maximum

transient pressure with increasing precharge pressure relationship.

As discussed earlier, due to the slow clcsure (T 0.05 sec) and

extreme snubbing of the closure curve usei "-y Parks, the third peak

was predominant in his study. Therefore, t.. reults obtained by

Parks and the third peak results of this itu-y are in agreement.

The differing effects on the first ni third peaks result from

the inability of the accumulator to respcni :uickly to short duration

iMpulses. The third peak pressure builds at a slo;er rate as the flow

decreases to zero. For the first peak, increasint the precharge

2ressure acts to harden th s .... rcvr - -  less

enerry absction for the impulse. Converzely, the slower building

pressure of the third peak is attenuated the increased re charre

since more energy is required to compress t r. gas in the accumulators.

The effect of precharge for the KC-I l is consstent wJt

the results obtained for the Laboratory 7est nodel. The Laboratory

A.-
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VIII. Conclusions

Eased on the re search and sir.ulations conducted and reported

heriin, it is concluded that:

. Te EYRA. conputer prorram can pre'ict the transient

response of s'.pre Z;sten± wth . rjo-

2. Simulation of the Laboratory Test resulted in a favorable

agreement 'ith experimental findings for the general transient

-response but underpredicted maximum transient pressure by

approximately I15.

3. For the Laboratory Test simulation:

* a) A 75! decrease in accumulator volume with other

variables held constant had a negligible effect on maximum transient

pressure.

1b) Increasing the accumulator prezhprge pressure with other

variables held constant caused an increase in transient pressure.

c) Decreasing the diameter or increasing the length of the

accumulator entryj lines with all other variables held constant caused

an increase in transient pressure and a decrease in the time required
to settle to a steady pressure after valve closure.

4. The representative closure curve fcr cuick disconnects ust

~be derived from analysis of the combined nozzle/receptacle dynamics.

The curve developed in this study gave good results when used in the

Laboratory Test simulations and compared to the experimental results.

5. Increased percentages of valve snubbing decreases transient

pressures; this is consistent with the findings of Kinzig (Ref 8).



-. or the ':C-135:

a) Theoverall.1. ef fect of decrc asr :zle valve Qc

tine is to Increase transient prci-s-res; th-e dcm-nr2nart peaIT: inth

transient resoonse is shifted from the thlinl tea>r to the first:a;

-the- thiLr mea' is essentially constant. for alM l r .sure times.

L%) !nci'rtasing the surgebot-chre pressure increa sea

the first peak pressure and decreased the tlhirz oep:pressure.

.47



_4* r,3Oc h,. ef'22% :. S :or .r'.o-' 27;

Additional verification of covputer s f -m-la tins with

ex-.riment2.l' nesured data is needed to ;ain crzfidene I t
cc:~uter predictions. A scaled iown syste:-.. . ,. c.i.rto.

to the Laboratory Test could be used in th- or -Dsa r"net e.r

variation experiments.

A fuel systems oric;ted deriative of YYTR4. is available; this

program, FU2LTPIpIT, uses the basic MYThWA, nroga-, with additional

subroutines added for fuel system conponent models (Ref 1:). FUELTAIX

was not used for this study because confiden:e could not -e developed

in the results obtained from it. rRILTRAN s.ould be evaluated

r thoroughly to determine what, if any, usage :initaticns exist.

L"L
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APPENDIX A

Input Data for the Laboratory Test Model
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APPENDIX B

Input Data for the KC-135 V~odel
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